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Abstract. The definition of the Soret coefficient of a binary mixture includes a concentration prefactor,
x(1−x) when mol fraction x is used, or w(1−w) when mass fraction w is used. In this paper the physical
reasons behind this choice are reviewed, emphasizing that the use of these prefactors makes the Soret
coefficient invariant upon change in the reference frame, either mass or molar. Then, it is shown how this
invariance property can be extended to ternary mixtures by using an appropriate concentration prefactor
in matrix form. The work is completed with some considerations of general non-isothermal diffusion fluxes,
binary limits of the concentration triangle, selection of the dependent concentration in a ternary mixture,
use of molar concentrations and, finally, extension to multi-component mixtures.
PACS. 66.10.cd Thermal diffusion, in liquids – 66.10.cg Mass diffusion, in liquids
1 Introduction
Thermodiffusion is a transport phenomenon that generi-
cally exists in non-isothermal multicomponent mixtures.
The presence of a temperature gradient ∇T induces not
only a heat flow, but also a contribution to the diffusion
(mass) flux. In the theoretical framework of linear non-
equilibrium thermodynamics [1,2,3,4] the thermodiffusion
flow is, in a first approximation, proportional to ∇T .
When a steady temperature gradient is applied to a
multi-component liquid mixture thermodiffusion induces
a separation of its components, so that concentration gra-
dients develop in the system. In the case of a binary liquid
mixture and a stationary temperature gradient, after a
transient, a non-equilibrium steady state is reached where
a constant (in time) concentration gradient is established.
In isotropic fluids1 the applied temperature gradient and
the induced concentration gradient are always parallel (or
antiparallel). To quantify thermodiffusion in binary mix-
tures, because of pioneering research by Charles Soret
(1879, see [5]), the so-called Soret coefficient ST (units
of K−1) is defined as proportional to the ratio of these
steady concentration and temperature gradients, namely,
x(1 − x)ST ∇T = −∇x, (1)
where x is the (average) concentration of the mixture in
mol fraction. For the purpose of this paper it is important
to clearly distinguish between the various possible ways of
specifying the composition of a mixture, thus, symbol x
shall be used to denote mol fraction, w for mass fraction
(both dimensionless) and c for molar concentration (units
1 The contains of this paper only refer to isotropic fluids
of mol m−3). The last will be, in particular, considered
later, in Sect. 6.
Note the presence of concentration prefactor x(1 − x)
in the definition (1) of the Soret coefficient of a binary
mixture. There are various reasons for introducing this
prefactor:
1. The prefactor forces the thermodiffusion-induced
concentration gradient to vanish in the two pure compo-
nent limits, i.e., for x → 0 and x → 1. In this regard,
the prefactor is expected to carry most of the concen-
tration dependence of thermodiffusion, so that the Soret
coefficient ST will only depend weakly on concentration.
Indeed, in many cases, a linear dependence on x is enough
to represent ST well over the entire range of concentration,
x ∈ [0, 1].
2. Most importantly, the prefactor makes the ST value
invariant under change in the representation of concentra-
tion. Indeed, since
∇x
x(1 − x)
=
∇w
w(1 − w)
, (2)
the numerical value experimentally measured for ST will
be identically the same, independently of whether it is
computed like in Eq. (1) with concentrations in mol frac-
tion x, or by
w(1− w)ST ∇T = −∇w, (3)
with concentrations in mass fraction w.
Notice that property #2 above is quite convenient from
both a practical and an experimental point of view. It
makes life easier for scientists obtaining ST values in bi-
nary mixtures, either experimentally or by computer sim-
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ulations. They can continue to use their favorite concen-
tration representation, ones in mol fraction [6,7,8,9,10]
and others in mass fraction [11,12,13], while comparison
between values obtained by different teams is direct, not
requiring any conversion or number manipulation.
Historically, the concentration prefactor in its current
form, Eqs. (2) or (3), first appeared in the Enskog formula
(1917) for the separation of isotopes by thermal diffusion.
It was later adopted for arbitrary binary mixtures, in par-
ticular2 through 1942 work by Sybren De Groot [14]. In-
terestingly, as reason for introducing x(1 − x), de Groot
quotes yet another nice property, namely, invariance of ST
under permutation of components (it simply changes sign,
see Sect. 5). Other authors at that time were using pro-
portionality to concentration, which breaks all invariance
properties (see also Sect. 6).
In latter decades, and also in part due to the impulse
given since 1994 by the International Meeting on Ther-
modifussion (IMT) series of conferences [15], research in
thermodiffusion has progressed significantly. Nowadays, it
can be safely stated that the measurement of Soret coef-
ficients in binary mixtures has become routine, and that
the various alternative experimental techniques used by
different groups have progressed to a level where agree-
ment is readily reached, and the experimental dataset of
reliable ST values for different binary mixtures has in-
creased steadily [15]. Maybe for these reasons the inter-
est of the community has moved towards ternary mix-
tures in the last years, as a first step towards truly multi-
component mixtures. Also, the establishment of large in-
ternational collaborations associated with space science3,
like DCMIX [16] or SCCO-SJ10 [17,18], has undoubtedly
helped to switch the community focus towards ternaries.
2 Soret coefficients in ternary mixtures
In a ternary mixture there are two independent concen-
trations, x1 and x2, while x3 = 1−x1−x2 is a dependent
concentration. As a consequence, one initially needs two
independent Soret coefficients ST,1 and ST,2 to describe
thermodiffusion in these systems.
Note that the step from binary to ternary systems is
not trivial and, for diffusion, requires the introduction of
a Fick diffusion matrix D instead of the single scalar Fick
diffusion coefficient D needed for a binary mixture [19].
Associated with the matrix description of diffusion there
appear several theoretical complications, like the frame-
dependence of diffusion matrices, that are difficult to grasp
experimentally. Indeed, very few experimental papers in
ternary or multi-component mixtures contain any refer-
ence to the frame in which their diffusion matrices are
measured.
2 I owe this information to a personal communication by Ali-
aksandr Mialdun.
3 DCMIX (Diffusion Coefficients in ternary MIXtures) and
SCCO-SJ10 (Soret Coefficients for Crude Oil at ShiJian-10)
are space missions sponsored by the European Space Agency
(ESA) in collaboration with Roskosmos and the Chinese Space
Administration (CSA), respectively.
For thermodiffuion and the definition of Soret coeffi-
cients there have been some confusion regarding the con-
centration prefactor [20]. For instance, Shevtsova et al. [21]
adapted for ternaries a proposal by Kempers [22] and used
a prefactor x1(1 − x1) for the first Soret coefficient, and
a prefactor x2(1− x2) for the second. On the other hand,
Ghorayed and Firozabaadi [23] proposed to use prefactors
x1x3 for the first Soret and x2x3 for the second. Because of
these inconsistencies, in the first experimental benchmark
on thermodiffusion in ternary systems [24] it was decided
to introduce new Soret coefficients S′T,i simply defined as
the ratio between concentration (in mass fraction) and
temperature gradient, without any prefactors. A similar
approach was adopted when reporting the results of the
SCCO-SJ10 space mission [18]. Notice that none of these
options retain for ternaries the two properties, enumer-
ated in Sect. 1, which make the definition Eq. (1) of Soret
coefficients so convenient for binary mixtures.
The main purpose of this paper is to show how to
introduce a concentration prefactor in the definition of
Soret coefficients for a ternary mixture that retains all
the convenient properties that the ST of Eq. (1) has for
binaries. The inconvenience is that such a prefactor has to
be in the form of a matrix. If one defines Soret coefficients
for a ternary mixture as:[
x1(1− x1) −x1x2
−x1x2 x2(1− x2)
](
ST,1
ST,2
)
∇T = −
(
∇x1
∇x2
)
, (4)
the resulting Soret coefficients, ST,1 and ST,2, are inde-
pendent of whether concentrations are expressed in mol
or mass fraction. Indeed, simple differentiation of the rela-
tionship between concentrations in mass and mol fractions
shows that (see exercise 1.5 in Ref. [19]):
[
x1(1− x1) −x1x2
−x1x2 x2(1− x2)
]
−1(
∇x1
∇x2
)
=
[
w1(1− w1) −w1w2
−w1w2 w2(1− w2)
]
−1(
∇w1
∇w2
)
, (5)
similarly to Eq. (2). Note that the definition of Soret co-
efficients given by Eq. (4) is not only frame-invariant4,
but it also cancels the two concentration gradients at all
pure component limits which, for a ternary mixture are
three: Pure component-1, x1 = 1 and, thus, x2 = 0. Pure
component-2, x2 = 1 and, thus, x1 = 0. Pure component-
3, x1 = 0 and x2 = 0.
Although the question of the binary limits of the ternary
concentration triangle will be detailedly addressed later in
Sect. 4, one direct consequence of Eq. (4) is that, when
x1 → 0 or x2 → 0, one of the Soret coefficients will
approach to the Soret coefficient measured in the corre-
sponding binary mixture, with the correct concentration
prefactor as given by Eqs. (1) or (3). When one of the
concentrations goes to zero, there is no need of conver-
sion factors to compare Soret coefficients measured in a
ternary mixture with binary tabulated values of ST .
4 Al least in the mol and mass reference frames. Some consid-
erations about the volume frame of reference follow in Sect. 6
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As already mentioned, one disadvantage of Eq. (4) is
the matrix character of the concentration prefactor, imply-
ing that Soret coefficient #1 will not only depend on the
ratio of ∇x1/∇T , but on a linear combination of ∇x1/∇T
and ∇x2/∇T . Hence, in general, no Soret coefficient can
be unequivocally assigned to each one of the individual
components of the mixture. Although in Sect. 4, when
discussing binary limits more deeply, the physical inter-
pretation of ST,i will be revisited, the mix-up of compo-
nents implied by Eq. (4) is not fully foreign to transport
in ternary mixtures. For instance, it is becoming common
to report experimental values for the eigenvalues of the
diffusion matrix [24], which, as the Soret coefficients of
Eq. (4), cannot be unequivocally assigned to individual
components of the mixture.
The presentation of Eqs. (4) and (5) is the main pur-
pose of the present work. In the remainder of this paper
the contents of Sect. 2 are complemented with additional,
somewhat more technical, discussions on the general ex-
pression of diffusion fluxes, binary limits, selection of de-
pendent concentration, the usage of molar concentrations
and a possible extension to multi-component mixtures.
3 General expression of diffusion fluxes
The contents of Sects. 1 and 2 above refer to a steady-
state, in which the total mass fluxes (containing both
purely diffusive and thermodiffusive contributions) van-
ish. However, as is the case for binary mixtures, the def-
inition (4) of Soret coefficients for a ternary mixture can
also be extended to transient situations, where mass fluxes
are not zero. Then, as extensively discussed elsewhere [19],
one has to distinguish between frames of reference. Let
us consider first the mol-average frame of reference. In-
spired by Eq. (4) we write, in general, the mol diffusion
fluxes relative to the mol average velocity, J
(x)
i (units of
mol m−2s−1), as:(
J
(x)
1
J
(x)
2
)
= −ct D
(x) ·
{(
∇x1
∇x2
)
+ X ·
(
ST,1
ST,2
)
∇T
}
, (6)
where X represents a shorthand for the matrix
X =
[
x1(1− x1) −x1x2
−x1x2 x2(1− x2)
]
, (7)
D
(x) is the Fick diffusion matrix in the mol frame of ref-
erence and ct = c1 + c2 + c3 is the total molar density of
the mixture. Next, using Eq. (5), one can rewrite Eq. (6)
as(
J
(x)
1
J
(x)
2
)
= −ct D
(x)·X·W−1
{(
∇w1
∇w2
)
+W ·
(
ST,1
ST,2
)
∇T
}
,
where the matrixW is similar to X in Eq. (7), but with the
concentrations expressed in mass fractions. Next, recall-
ing [19] the relationship between the mol diffusion fluxes
relative to the mol average velocity, J
(x)
i , and the mass dif-
fusion fluxes relative to the center of mass velocity, J
(w)
i
(units of kg m−2s−1)
(
J
(w)
1
J
(w)
2
)
=
ρt
ct
W · X−1 ·
(
J
(x)
1
J
(x)
2
)
,
it can be shown that(
J
(w)
1
J
(w)
2
)
= −ρt D
(w) ·
{(
∇w1
∇w2
)
+W ·
(
ST,1
ST,2
)
∇T
}
,
(8)
where ρt = ρ1 + ρ2 + ρ3 is the total mass density, and
where
W
−1 · D(w) ·W = X−1 · D(x) · X. (9)
Of course, Eq. (9) is just the standard relationship be-
tween Fick diffusion matrices in the mass and in the mol
frame of references and, taking into account the different
notations, it is exactly the same as Eq. (3.2.11) in the
book by Taylor and Krishna [19].
On comparing Eq. (6) with Eq. (8) it is concluded that
the use of concentration prefactors, X or W, makes the
Soret coefficients of Eq. (4) frame invariant5 in the gen-
eral case, not only in the steady state. That is, in the non-
isothermal case, Soret coefficients can be defined so that
all the frame-dependence is carried on by the diffusion
matrix only, which appears as an overall multiplicative
prefactor in either Eq. (6) or Eq. (8), being the same ma-
trix measured in isothermal conditions. The contribution
of thermodiffusion to the total diffusive fluxes, even when
they are not zero, can be described in a frame-independent
manner.
The use of Eq. (9) to express the relation between Fick
diffusion matrices in different reference frames represents
a simplification when compared to the traditional way of
expressing it [19]. First of all, current Eq. (9) is more
compact, it requires less matrices. In addition, Eq. (9)
clearly shows that in binary systems, where all matrices
reduce to scalars, diffusion is frame-independent; while in
the ternary case is not. It also gives indications towards a
possible frame-independent description of isothermal dif-
fusion in ternaries, although this research will not be fur-
ther pursued here.
4 Binary limits
As often in ternary mixtures, it is interesting to discuss
Eq. (4) in the three binary limits of the ternary concen-
tration triangle. Initially, one has two degrees of freedom
for the specification of the coefficients ST,1 and ST,2. How-
ever, consistency with Soret coefficients measured in the
corresponding binary mixture, only leaves one degree of
freedom over the three sides of the concentration triangle.
5 Al least in the mol and mass reference frames. Some consid-
erations about the volume frame of reference follow in Sect. 6
4 Jose´ M. Ortiz de Za´rate: Definition of frame-invariant Soret coefficients for ternary mixtures
In particular, the following connections with the binary
Soret coefficients must hold:
When x1 → 0, ST,2 → S
(3,b)
T,2 (10a)
When x2 → 0, ST,1 → S
(3,b)
T,1 (10b)
When x3 → 0, ST,1 − ST,2 → S
(2,b)
T,1 (10c)
where S
(j,b)
T,i denotes the corresponding Soret coefficient
measured in the binary mixture of i and j, with j being the
dependent concentration. As anticipated before, compari-
son with Soret coefficients measured in binary mixtures is
direct and does not require the use of any conversion or
data manipulation.
Moreover, Eqs. (10) also provide a clue for a possible
physical interpretation of the Soret coefficients ST,1 and
ST,2 introduced by Eq. (4). One can imagine that Eq. (4)
represents thermodiffusion of 1 and 2 in the presence of 3
as a linear combination of (1,3) thermodiffusion with (2,3)
thermodiffusion; with ST,1 representing thermodiffusion
of 1 in 3, congruent with Eq. (10b); and ST,2 represent-
ing thermodiffusion of 2 in 3, congruent with Eq. (10a).
The congruence of Eq. (10c) within this picture will be
analyzed next.
5 Choice of dependent concentration
In a binary mixture one has two choices for the dependent
concentration and, thus, two possible Soret coefficients to
describe thermodiffusion. However, according to Eq. (1),
one of these Soret coefficients is minus the other, so that
switching between them is quite straightforward.
In a ternary mixture the situation is more complicated
since one has three choices for the dependent concentra-
tion, meaning three different possible pairs of Soret coeffi-
cients. However, only one of these pairs is independent. To
establish the relationships between these different Soret
pairs one uses x1 + x2 + x3 = 1 to deduce from Eq. (4):[
x1(1− x1) −x1x3
−x1x3 x3(1− x3)
] [
ST,1 − ST,2
−ST,2
]
∇T = −
(
∇x1
∇x3
)
,
and[
x2(1− x2) −x2x3
−x2x3 x3(1− x3)
] [
ST,2 − ST,1
−ST,1
]
∇T = −
(
∇x2
∇x3
)
.
To summarize the expressions above it is convenient to
adopt the nomenclature S
(j)
T,i with superscript j designat-
ing the component of the ternary mixture whose concen-
tration is considered as dependent variable; and subscript
i like in Eq. (4), associated to the corresponding inde-
pendent variable. Then, for instance, the two indepen-
dent Soret coefficients used so far become S
(3)
T,1 (associated
to component 1) and S
(3)
T,2 (associated to component 2).
Adopting this nomenclature, the two precedent equations
imply:
S
(2)
T,1 = S
(3)
T,1 − S
(3)
T,2, S
(2)
T,3 = −S
(3)
T,2,
S
(1)
T,2 = S
(3)
T,2 − S
(3)
T,1, S
(1)
T,3 = −S
(3)
T,1.
(11)
The four Eqs. (11) mean that, of the initially three differ-
ent pairs of Soret coefficients, only one pair is independent.
It is also interesting to note the consistency with Eq. (10c)
and with the situation in binaries, where exchange of inde-
pendent concentration implies a sign change in the Soret
coefficient.
Since there are more Soret coefficients, the relation-
ships among them, Eqs. (11), are a bit more complicated
than in the case of binaries. However, simple ‘circular’ re-
lations like
S
(3)
T,1 + S
(2)
T,3 + S
(1)
T,2 = 0,
S
(3)
T,2 + S
(1)
T,3 + S
(2)
T,1 = 0,
(12)
hold, which would be certainly very useful when chang-
ing the order of components. Alternative proposals to de-
scribe the Soret effect in ternary mixtures using thermal
diffusion ratios [25], cite as an advantage the existence of
relationships similar to the current Eq. (12).
6 Molar concentrations
It is also quite common to express the concentrations of
components in a mixture as mol per unit volume, ci =
ctxi. However, because typically ct depends on tempera-
ture, this choice introduces complications when tempera-
ture gradients are present, and has not been popular for
the description of thermodiffusion. For instance, in the
case of a non-isothermal binary mixture, one has that in
general ∇(c1 + c2) 6= 0, in contrast with concentrations in
mol or mass fraction where ∇(x1 + x2) = ∇(w1+w2) = 0
always.
In spite of these complications, some books or reviews
present the theory of thermodiffusion in binaries in terms
of molar concentrations [4,26], as well as some experimen-
talists report binary Soret coefficients using these con-
centration units [27,28]. However, a detailed examination
shows that in these works it is implicitly assumed: (i) That
the dependence of ct on temperature can be neglected. (ii)
That the concentration x of the ‘solute’ is very low, so that
1 − x ≃ 1. In that case, multiplying Eq. (1) for a binary
mixture by ct, one obtains [4,26]:
cST ∇T = −∇c. (13)
Equation (13) shows that, with the restrictions mentioned
above, Soret coefficients can be defined in a binary mixture
using molar concentrations, and that they are equal to the
more general definitions of Eq. (1) or Eq. (3), in terms of
mol fraction or mass fraction, respectively.
Solving Eq. (13) leads to the so-called exponential de-
pletion law [29], which is the starting point of many ex-
perimental works reporting Soret coefficients, in particular
of macromolecules, biomolecules or colloidal particles [27,
28,29,30]. In these cases the assumptions mentioned above
typically hold. It is also customary to use the term ther-
mophoresis to refer to thermodiffusion in these colloidal or
macromolecular systems with low ‘solvent’ concentration.
Regarding ternary mixtures it is not the intention of
this paper to go into the details, but one can convince
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oneself readily that, within the same approximations men-
tioned above for binary mixtures, Soret coefficients can be
defined on the basis of molar concentrations that will be
numerically the same as those of Eq. (4).
7 Extension to multi-component mixtures
This work has been so far restricted to a explicit dis-
cussion for ternary mixtures, mainly because of the re-
cent experimental interest on thermodiffusion in these sys-
tems [16,17,18]. However, the ideas presented here can be
generalized to multi-component mixtures. Indeed, for a n-
component mixture one can define (n−1)×(n−1)matrices
X and W as:
Xij = xiδij − xixj , Wij = wiδij − wiwj , (14)
with i, j ∈ {1, n− 1} being the independent components,
while xn or wn are the dependent concentrations and δij
the Kronecker delta. Then, a little bit of effort shows that
Eq. (5) holds in general, namely:
X
−1 ·


∇x1
∇x2
...
∇xn−1

 = W−1 ·


∇w1
∇w2
...
∇wn−1

 . (15)
Hence, matrices X and W can be used to define frame-
independent Soret coefficients for multi-component sys-
tems in an exactly similar fashion as explicitly elucidated
in this paper ternaries. In particular, Eqs. (6), (8) and (9)
hold in general, for an arbitrary number of components,
which opens the way to a possible description of thermod-
iffusion in a frame-independent way.
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